Because serum cartilage oligomeric matrix protein (COMP) has been used to reflect articular cartilage condition, we aimed to identify walking and running mechanics that are associated with changes in serum COMP. Eighteen subjects (9 male, 9 female; age = 23 ± 2 yrs.; mass = 68.3 ± 9.6 kg; height = 1.70 ± 0.08 m) completed 4000 steps on an instrumented treadmill on three separate days. Each day corresponded to a different ambulation speed: slow (preferred walking speed), medium (+50% of slow), and fast (+100% of slow). Synchronized ground reaction force and video data were collected to evaluate walking mechanics. Blood samples were collected pre-, post-, 30-minute post-, and 60-minute post-ambulation to determine serum COMP concentration at these times. Serum COMP increased 29%, 18%, and 5% immediately post ambulation for the fast, medium, and slow sessions (p < 0.01). When the speeds were pooled, peak ankle inversion, knee extension, knee abduction, hip flexion, hip extension, and hip abduction moment, and knee flexion angle at impact explained 61.4% of total variance in COMP concentration change (p < 0.001). These results indicate that (1) certain joint mechanics are associated with acute change in serum COMP due to ambulation, and (2) increased ambulation speed increases serum COMP concentration.
Introduction
Articular cartilage bears mechanical load that is applied to a joint [1] . Mechanical load that results from physical activity can benefit cartilage by increasing structural components such as collagen and proteoglycans if the load involves typical magnitudes and locations of application [2] . Conversely, abnormal load (e.g., atypical load magnitudes and/or locations of application, or load rates) may damage cartilage [3] . Alterations in the regular balance of cartilage catabolism and anabolism can result from abnormal joint mechanics during physical activity [4] .
Various types of physical activity (e.g., walking compared to running) likely results in different cartilage metabolic responses due to mechanical differences between the activities. For example, peak vertical ground reaction force (GRF) increases from 1.0 × body weight for walking at 1 m/s to nearly 3.0 × body weight for running at 6 m/s [5] . Lower-extremity joint kinetics and kinematics also differ between ambulation speeds [6] . Increased GRF magnitude and the corresponding load rate [7] , and knee joint kinematics and kinetics are associated with knee load and likely influence articular cartilage [8] [9] [10] . Sagittal and frontal plane ankle and hip kinetics have also been associated with compressive knee load during walking [11, 12] . Although researchers have identified certain mechanical variables that may be related to joint load and resulting joint health, it is unclear which lower-extremity mechanical variables correlate with acute cartilage metabolism due to physical activity.
Cartilage oligomeric matrix protein (COMP) is an extracellular non-collagenous proteoglycan that helps organize the cartilage matrix, thereby contributing to the load bearing capability of articular cartilage [13] . An elevated resting serum COMP concentration level has been associated with osteoarthritis genesis and progression [14] . For able-bodied individuals, serum COMP concentration increases in response to physical activity. This increase is believed to be determined by magnitude and duration of the physical activity, and represent the metabolic effect of exercise-induced load [15] [16] [17] [18] . Relative to walking, greater serum COMP concentration has been observed after running for the same duration [17, 19] . It is unclear whether serum COMP concentration increases more for running, relative to walking, due to altered mechanics or step count differences (running involves more steps than walking when duration is fixed). No one has simultaneously measured serum COMP concentration and movement mechanics during ambulation across various speeds. Such a study could potentially provide additional insight regarding the effect of load magnitude and frequency, across a range of ambulation speeds on serum COMP concentration.
This study was 2-fold in purpose. The first purpose was to determine which mechanical variables correlate to acute changes in serum COMP concentration due to ambulation. The second purpose was to test the acute effect of ambulation speed on serum COMP, while controlling for step count. We hypothesized that (1) mechanical variables previously associated with knee load would correlate to serum COMP concentration increase, due to ambulation, and (2) that while controlling for step count, serum COMP concentration would increase more, immediately after fast ambulation compared to immediately after slow ambulation.
Methods

Subjects
Eighteen able-bodied volunteers (9 male, 9 female; age = 23 ± 2 yrs; mass = 68.3 ± 9.6 kg; height = 1.70 ± 0.10 m) participated in this cross-over designed study. No subject had experienced any arthritis or lower-extremity joint injury that would have compromised the integrity of the knee articular cartilage(e.g., ACL or meniscus tears), or was experiencing any lower-extremity pain at the time of data collection. Prior to participation, subjects provided informed consent. All procedures were approved by the appropriate institutional review board and complied with the Helsinki Declaration.
Experimental protocol
Subjects completed three data collection sessions (slow, medium, and fast) in a counterbalanced order (i.e., three subjects completed each of the six possible session orders) 24 h apart. During the slow session, subjects walked at a preferred speed that was determined on a day prior to the first data collection session. For the medium and fast sessions, subjects ambulated at speeds of 50% and 100% greater than their preferred speed. Average ambulation speeds for the slow, medium, and fast sessions were 1.32 ± 0.12, 1.99 ± 0.19, and 2.64 ± 0.25 m/s. To control for step count, the number of steps were counted during each ambulation session using an optical measurement system (OptoJump Next, Microgate S.R.L., Bolzano, Italy). Once each subject completed 4000 steps, the data collection session ended. For all sessions, subjects ambulated on an instrumented treadmill (AMTI, Watertown, MA, USA) while wearing their own athletic shoes (Fig. 1) . Fig. 1 . Picture of subject during the slow data collection session.
At the beginning of each session, subjects rested on a chair for 30 min to minimize potential influence of preceding physical activity on serum COMP concentration [17] . Subjects then stood for 10 min while a researcher applied reflective markers to the subjects. Next, the pre-ambulation baseline blood sample was drawn (D1) and subjects then completed one of the three ambulation tasks. Blood samples were also drawn immediately after (D2), 30 min after (D3), and 60 min after (D4) the 4000 steps were completed.
Biomechanical variables
Ten digital video cameras (240 Hz; VICON, Santa Rosa, CA, USA) and an instrumented treadmill (1200 Hz) were used to record synchronized video and GRF data. Rigid clusters of four markers were attached bilaterally to the distal-lateral thigh and shank. Single markers were placed bilaterally over the anterior and posterior superior iliac spine, greater trochanter, medial and lateral femoral condyle, medial and lateral malleoli, posterior heel, dorsal midfoot, lateral foot, and between the second and third metatarsal. Subjects stood in anatomical position while a static standing trial was recorded. Subsequent dynamic measures were referenced to this static trial. Next, subjects performed standing leg motions to accurately calculate the hip joint center [20] . For each session, 15 s of GRF and coordinate data were recorded four different times throughout the session: 1000, 2000, 3000, and 4000 steps. Five gait cycles from each time were identified and discrete dependent variables were averaged across the 20 total gait cycles.
Coordinate and GRF data were imported into Visual 3D software (C-Motion, Germantown, MD, USA) and smoothed using a 4th order low-pass Butterworth filter; cutoff frequencies of 6, 7, and 8 Hz were determined using a standard residual analysis [21] and used for the slow, medium, and fast sessions. Using the static standing video, a three-dimensional model of the lower extremities and pelvis was created for each subject using previously described methods [22] . Joint angles were calculated using a Cardan rotation sequence (flexion/extension (x), abduction/adduction (y), and internal/external rotation (z)). Internal joint moments were calculated using GRF (smoothed using the aforementioned cutoff frequency [23] ), joint angle, and anthropometric data [24] . In determining peak vertical GRF and average GRF load rate (calculated using previously described methods [25] ), the GRF data were smoothed using a cutoff frequency of 50 Hz [26] . GRF, joint angle, and joint moment data were imported into MATLAB (The MathWorks, Natick, MA, USA) where the discrete dependent variables were identified using custom algorithms.
Serum biomarkers
All blood samples (3 ml) were drawn from an antecubital vein using a 20-gauge shielded I.V. catheter (BD Vialon Insyte Autoguard, Becton Dickinson & Co., Franklin Lakes, NJ, USA) that was placed during the 30-minute rest period. After insertion, the catheter was flushed with 1 ml of isotonic saline (0.9% NaCl) every 15 min to prevent clotting. Prior to collecting blood, a 1-ml waste sample was drawn. Blood samples were placed in EDTA vacutainers (BD Vacutainer K2 EDTA, Decton Dickinson & Co., Franklin Lakes, NJ, USA), centrifuged for 15 min at 3000×g, and then stored at −20 °C. Serum COMP concentration was determined using manufacturer guidelines from a commercially available enzyme-linked immunosorbent assay (Quantikine Human COMP Immunoassay, R&D Systems Inc., Minneapolis, MN, USA). Blood samples were analyzed in triplicate. Intra-and inter-assay coefficients of variation were 1.5% and 18.4% for a 165 ± 37 ng ml −1 sample. We minimized inter-assay variation by comparing serum COMP concentration for each subject on the same plate.
Statistical analysis
Multiple linear regression analysis was used to evaluate the potential relationship between ambulation mechanics and serum COMP concentration change (D2 − D1). Because numerous mechanical variables were analyzed, we determined the optimal regression model using an information-based criterion selection process (Akaike information criteria). Plausible explanatory mechanical variables included: peak vertical GRF magnitude during stance and load rate, peak frontal and sagittal ankle, knee, and hip moments during stance, frontal, and sagittal knee angle at impact, and peak frontal and sagittal knee angle during weight acceptance (i.e., impact to peak knee flexion angle). A repeated measures mixed model analysis of covariance was used to compare serum COMP concentration between sessions across draws. Because baseline serum COMP levels differ between subjects and higher COMP concentration has been found in males [17] , both baseline COMP and gender were used as covariates. If a session × draw interaction was detected, Tukey's post hoccomparisons were used to evaluate potential differences. Alpha levels for all statistical tests were set at 0.05.
Results
Multiple regression analysis
Averages and 95% confidence intervals for the observed mechanical variables are presented in Table 1 . In the regression analysis, each ambulation speed was included in the model as an indicator 'I' variable (1 or 0). The analysis produced the following pooled model (included all speeds) that relates joint mechanics and serum COMP concentration increase, due to ambulation: y=β0Icond=slow+β0Icond=medium+β0Icond=fast+β1ankleinvesionmoment+β2kneeextensionmoment+β 3kneeabductionmoment+β4hipflexionmoment+β5hipextensionmoment+β6hipabductionmoment+β7kneef lexionangleatimpact. The regression model explained 61.4% (adjusted R 2 = 0.54) of the total variance in serum COMP increase (F = 7.8; p < 0.001), due to ambulation. The regression coefficients are presented in Table 2 . AIN = peak internal ankle inversion moment; KE = peak internal knee extension moment; KAB = peak internal knee abduction moment; HF = peak internal hip flexion moment; HE = peak internal hip extension moment; HAB = peak internal hip abduction moment; KFI = knee flexion angle at heel strike.
Serum COMP and ambulation speed
For D2, average serum COMP concentration for the fast session was 9% and 24% greater than for the medium (p = 0.001) and slow (p < 0.001) sessions. Average serum COMP concentration for the medium session was 14% greater than for the slow session (p < 0.001; Table 3 ). As a main effect, session influenced serum COMP concentration. Average serum COMP concentration for the fast session was 6% and 7% greater than for the medium (p = 0.009) and slow (p = 0.002) sessions (Table 3) . Time, as a main effect, also influenced serum COMP concentration. Serum COMP concentration increased 29%, 18%, and 5% immediately post ambulation for the fast, medium, and slow sessions, respectively (Table 3) . When pooled across all sessions, average serum COMP concentration for D2 was 15% greater than D1 (p < 0.001), while serum COMP concentration for D3 and D4 was 9% and 11% less than D1 (p < 0.01). 
Discussion
We aimed to identify mechanical characteristics of ambulation that are associated with acute serum COMP concentration increase, due to ambulation, and determine whether ambulation speed acutely influences serum COMP concentration when step count is controlled. We hypothesized that serum COMP increase would correlate to specific mechanical characteristics that have been theorized to reflect knee load during ambulation. In support of this hypothesis, peak ankle inversion, knee extension and abduction, and hip extension moment positively correlated with serum COMP change, while peak hip flexion and abduction moments, and knee flexion angle at impact negatively correlated with serum COMP. Combined, these mechanical characteristics explained 61% of the variance for serum COMP increase due to ambulation. We also hypothesized that serum COMP change would increase as ambulation speed increased. The data also supported this hypothesis: serum COMP concentration increased more after fast ambulation than after medium and slow ambulation. However, serum COMP concentration was not elevated 30 min after ambulation for any speed.
The present findings suggest that frontal and sagittal plane knee kinetics and kinematics influence serum COMP concentration. The observed relationship between knee extension moment and serum COMP increase corroborates computational modeling data that indicate compressive knee force during the first half of stance is primarily caused by quadriceps activation [27] . Similarly, maximum sagittal-plane knee torque has been correlated with patella cartilage volume change [28] . Conversely, Kersting et al., [28] found no association between peak sagittal-plane knee torque and serum COMP change. This was perhaps because the COMP changes observed by Kersting et al. [28] were relatively small, potentially for two reasons. First, Kersting et al. [28] observed trained runners who likely had higher pre-exercise COMP concentration than our subjects [29] . Second, Kersting et al. [28] waited 25 min to collect the first post-exercise blood sample, which probably resulted in a lower post-exercise COMP concentration.
The present knee angle data fit with previous reports that knee flexion angle at impact significantly correlates with cartilage thickness [9] . Increased knee flexion at impact may reduce GRF and knee range of motion, which could decrease knee loads [8] . Conversely, increased knee flexion at impact may require greater knee extensor muscle activity and potentially result in greater knee compressive forces. Further research is needed to better understand the influence of knee angle, at impact, on knee articular cartilage. Importantly, the negative mean knee flexion angle that is presently reported for impact during the slow condition indicates knee hyperextension, and likely indicates that the knee markers were consistently placed too posteriorly during the static frame. We acknowledge that a contributor to error in gait analysis is due to marker placement accuracy. However, because the same researcher placed all markers for all subjects during all of the data collection sessions, this potential error is unlikely to have affected the results of the correlational analyses that were performed to accomplish the primary purpose of this study.
The present data also indicate that hip joint moments influence serum COMP change, supporting the established idea that hip mechanics influence knee load. For example, increased hip flexion moment during push-off pulls the thigh off the ground and reduces knee load [12] , and possibly reduces serum COMP increase due to ambulation. Further, decreased hip abduction torque during stance causes excessive pelvic drop of the contralateral swing leg, medial center of mass shift, and increased medial tibiofemoral joint load [11] . This may be one reason why increased hip abduction moment was associated with decreased serum COMP change. All of this implies that stronger hip musculature may effectively decrease knee load and corresponding acute knee cartilage metabolism.
Fitting with previous research [15, 17, 19] , the present results show that physical activity intensity influences the magnitude of serum COMP increase. The present results also indicate that serum COMP concentration returned to baseline no later than 30 min after ambulating 4000 steps, independent of ambulation speed. Serum COMP has been shown to return to pre-exercise levels within 30 min after a 30-minute walk [17] , and 60 min after a 30-minute run [19] . Our data suggest that these differences in COMP increase duration are at least partially due to differing step counts. For example, running 30 min at 2.2 m/s requires an average of 4262 steps [19] , while a 30-minute walk at 1.5 m/s requires only 3507 steps [17] . Because our subjects ambulated 4000 steps for all speeds and no between-speed differences were observed for COMP increase duration, we conclude that COMP increase duration is influenced by step count, not load magnitude. This is the first study to show that when step count is controlled, serum COMP concentration returns to pre-exercise levels within 30 min, independent of ambulation speed.
Average serum COMP concentrations 30 and 60 min post-ambulation were less than at baseline. Although this finding fits with a resting protocol [17] , it contradicts similar COMP data that were collected following ambulation [17, 19] . We believe this occurred because of methodological differences. Although subjects rested for 30 min to minimize the influence of preceding activity on serum COMP, the baseline blood sample was drawn after subjects stood for 10 min while reflective markers were placed on specific bony landmarks. This 10-minute standing period likely increased load placed on articular cartilage and elevated our baseline measures. Future researchers who simultaneously measure movement mechanics and serum biomarkers that are sensitive to load should consider completing all subject preparation, like reflective marker placement, before a rest period.
The interpretation of our serum COMP concentration results warrants caution for three reasons. First, additional mechanical variables could have been included as potential predictors in our model (e.g., GRF impulse or joint contact force). This may have improved our results and further examination of this idea is warranted. Second, the exact origin of the COMP cannot be definitively determined via serum analysis. COMP is predominantly found in articular cartilage, however, it is also found in ligaments, tendons, and menisci [30] . It is unclear which joint or tissue contributed to the observed serum COMP change, although researchers have speculated that serum COMP increase is at least partially due to knee load [19, 28] . Third, the meaning of increased serum COMP following physical activity is unclear. In healthy subjects, previous serum COMP [18] and MRI data [28] suggest that increased serum COMP concentration reflects acute cartilage breakdown due to repetitive loads associated with ambulation. Also, increased serum COMP concentration is thought to indicate normal cartilage turnover [15, 17, 19] . Because our subjects were healthy and young, and the exercise interventions were low demand and of a short duration, we assume that the observed serum COMP increases represent normal cartilage metabolism. More research is needed to distinguish whether serum COMP increase, due to physical activity for young asymptomatic adults, represents normal cartilage turnover or unhealthy articular cartilage degradation.
In summary, some specific measures of lower-extremity joint mechanics during ambulation are associated with serum COMP increase due to ambulation. Combining some of these variables appears to effectively account for part of the variance in this serum COMP concentration change due to ambulation; when combined, several specific variables accounted for 61% of the variance in serum COMP increase due to ambulation. If a researcher or clinician assumes that serum COMP is a valid representation of cartilage metabolism, these characteristics of ambulation could be used as one noninvasive tool to consider when assessing acute cartilage metabolism that results from ambulation. Also, if step count is held constant, increased ambulation speed acutely results in increased cartilage metabolism.
